Gene expression analysis provides important clues regarding gene functions, and quantitative real-time PCR (qRT-PCR) is a widely-used method in gene expression studies. Reference genes are essential for normalizing and accurately assessing gene expression. In the present study, 16 candidate reference genes (ACTB, CyPA, 
Introduction
An increasing number of large genomes have been published in the past few years and studies are now focusing on post-genomic functional research. Gene expression analysis is increasingly important in exploring the potential functions of genes in various organisms. Quantitative real-time PCR (qRT-PCR) has rapidly become a robust method for gene expression studies due to its convenience and reproducibility (Bustin et al. 2005) . However, some factors, such as RNA stability, the variable efficiency of reverse transcription, and PCR efficiency, can affect its reliability. To obtain reliable and valid gene expression profiles, internal controls are essential to normalize expression (Derveaux et al. 2010) . A variety of "housekeeping" genes involved in basic, ubiquitous cellular functions have been used to normalize gene expression (Radonic et al. 2004 ). Ideal reference genes should exhibit similar, stable mRNA expression levels across different biotic and abiotic conditions. The assumption is that these housekeeping genes are uniformly expressed regardless of the experimental conditions. However, previous studies have demonstrated that some of these widely-used reference genes are differentially expressed under various experimental conditions (Lee et al. 2002; Ponton et al. 2011; Suzuki et al. 2000) , affecting their reliability in gene expression analysis (Dheda et al. 2005) .
Normalization with unstable internal controls may result in irreproducible values and lead to erroneous results. To date, four computational algorithms (NormFinder, geNorm, BestKeeper, comparative Delta Ct) and a web-based tool (RefFinder) are used to assess and select the best-suited reference genes across different experimental D r a f t conditions in various organisms. The stability is measured based on different models in these programs. The level of pairwise variation for each reference gene compared with all other reference genes as the standard deviation is calculated in geNorm. An ANOVA-based model is used to calculate the combined estimate of intra-and inter-group expression variations of given reference genes in NormFinder. The average Ct-value of each duplicate reaction is used to calculate the pairwise correlation coefficient between each gene in BestKeeper. Comparative delta Ct method compares relative expression of a pair of genes that stably expressed genes have constant delta Ct value. RefFinder is a web-based comprehensive tool that integrates the previous four computational programs.
The diamondback moth (DBM), Plutella xylostella (L.) (Lepidoptera: Plutellidae), is a worldwide destructive pest of wild and cultivated crucifers (Furlong et al. 2013 ).
The larvae feed on cruciferous plants and cause significant reductions in the yield and quality of economically important crops. Historic reliance on insecticides has led to the rapid development of insecticide resistance in P. xylostella populations (Georghiou 1990 ), making it difficult to control. In recent years, several publications on and large databases of the species genome and transcriptome (He et al. 2012; Tang et al. 2014; You et al. 2013 ) have been produced, and there has been an increasing focus on P.
xylostella's functional genome analysis. Although there have been extensive studies on selection and validation of reference genes in Lepidoptera insects Shakeel et al. 2015; Sun et al. 2015; Teng et al. 2012; Zhu et al. 2014) , to the best of D r a f t our knowledge, two papers have been published regarding P. xylostella Teng et al. 2012 glycerol-3-phosphate dehydrogenase-2 (G3PDH), E2F transcription factor 4 (E2F), and ribosomal protein 49 (rp49) Teng et al. 2012) . In this study, a comprehensive and systemic assessment of candidate reference genes from the P. and Delta Ct) and a web-based tool (RefFinder). Glutathione S-transferase epsilon 4 (PxGSTe4) has been identified from P. xylostella genome and may be associated with insecticide resistance in our previous study (You et al. 2015) , so its expression profile was used to further validate the results. The comprehensive and systematic study presented herein provides important information on the use of reference genes for further research on the functional P. xylostella genome.
Materials and Methods

Insect rearing
A susceptible strain of P. xylostella that is sensitive to all classes of insecticides (SS) was collected from a cabbage (Brassica oleracea var. capitata) field in Fuzhou (26.08°N, 119.28°E) in 2004 and was subsequently reared in the laboratory under constant conditions with no exposure to insecticide (You et al. 2013) . Two insecticide-resistant strains (chlorpyrifos-and fipronil-resistant strains, CRS and FRS)
were derived from this susceptible strain and were detailed in a paper describing the P.
xylostella transcriptome (He et al. 2012 ). All three P. xylostella strains were reared on potted radish seedlings (Raphanus sativus) (10-15% hydromel served as dietary supplement for adults) at 25°C ± 1, 65% RH ± 5, and light to dark ratio (LD) = 16:8 h, and each colony was located in a separate greenhouse. This species is a worldwide D r a f t destructive pest and not included in the "List of Protected Animals in China" therefore no permit was needed to conduct these experiments.
Insect materials
Developmental stages. Seven developmental stages (egg, 1st to 4th instar larva, pupa, and adult) of the SS were used to evaluate the stability of the candidate reference genes. The samples included hundreds of eggs, hundreds of 1st-instar larvae (1st day of instar), 50 2nd-instar larvae (1st day of instar), 30 3rd-instar larvae (1st day of instar), 30 4th-instar larvae (1st day of instar), 30 pupae, and 30 adults (15 females and 15 males). All of the collected samples were immediately frozen in liquid nitrogen and stored at −80°C.
Strains. The 3rd-instar larvae of one insecticide susceptible strain (SS) and two insecticide-resistant strains (chlorpyrifos-and fipronil-resistant strains, CRS and FRS)
were used to evaluate the stability of the candidate reference genes. Because the 3rd-instar larva is the major feeding stage that can consume more insecticide-contained food, and is taken to be an ideal stage to study insecticide resistance. The samples included 30 3rd-instar larvae (1st day of instar). All of the collected samples were immediately frozen in liquid nitrogen and stored at −80°C.
Tissues. Five body segments or tissues (head, midgut, malpighian tubules, fat body, and epidermis) from hundreds of 4th-instar SS larvae were used in this study due to the body of 4th-instar larva being big enough to dissect. 
Candidate reference genes selection and primer design
Sixteen commonly used reference genes were selected from previous studies on insect reference genes (Jiang et al. 2010; Lourenco et al. 2008; Shi et al. 2013; Teng et al. 2012; Toutges et al. 2010; Van Hiel et al. 2009): ACTB, CyPA, EF1-α, GAPDH, HSP90, NDPk, RPL13a, RPL18, RPL19, RPL32, RPL4, RPL8, RPS13, RPS4, α-TUB, and β-TUB. The insect reference gene sequences were identified in the P. xylostella genome database (Tang et al. 2014 ) through queries using local BLAST searches. The Primer Premier 5 software was used to design the primers. The gene characteristics and primer sequences are summarized in Table 1 .
Total RNA extraction and cDNA synthesis D r a f t
Total RNA was extracted using RNAiso Plus following the manufacturer instructions (Takara, Code: D9108A, Japan) and the RNA concentration was determined using a spectrophotometer (Nanodrop 2000: Thermo, USA) at an absorbance of 260 and 280 nm (estimated standards in operating instructions). The integrity of the total RNA was confirmed using 1.0% agarose gel electrophoresis. The cDNA template for PCR was synthesized with 1 µg of total RNA using the PrimeScript ® RT reagent Kit with gDNA Eraser, following the manufacturer instructions (Perfect Real Time) (Takara, Code: DRR047A, Japan).
Quantitative real-time PCR
The assays were all run in triplicate using the CFX96 Touch TM Real-Time PCR Detection System (Biorad, USA). PCR amplification was performed in a total reaction volume of 20 µL, containing 2 µL cDNA (10 ng/µL), 10 µL 2× SYBR ® Premix Ex Taq TM (Takara, DRR420A, Japan), 0.5 µL of each primer (10 µM), and 7 µL RNase-free water. PCR was conducted with standard thermal cycle conditions using the two-step qRT-PCR method: an initial denaturation at 95°C for 30 s followed by 40 cycles of 3 s at 95°C and 30 s at 60°C. The specificities of the PCR products were assessed by melting curve analysis for all samples.
Seven different concentrations of five-fold cDNA dilutions were used to create the standard curves, then the PCR amplification efficiency and correlation coefficient (R   2   ) were computed for each gene using the linear regression model between the log values of different concentrations and the Ct values.
Statistical analysis
The expression stability of 16 P. xylostella candidate reference genes was evaluated using five statistical algorithms, Delta Ct, geNorm, BestKeeper, NormFinder, and RefFinder.
Delta Ct (Silver et al. 2006 ) is a statistical method that ranks the order of the stability of candidate reference genes by detecting pairwise comparisons of gene-sets based on mean ∆Ct values. Using the Delta Ct algorithm, the higher average standard deviation value of a gene indicates that gene expression is less stable.
geNorm ( The threshold of the Vn/n+1 value is 0.15. It is not necessary to introduce n+1 reference genes as the internal control, when the Vn/n+1≤ 0.15.
BestKeeper (Pfaffl et al. 2004) calculates the expression variation of all examined reference genes as crossing points and evaluates the stability of a reference gene based on the geometric mean of Ct values of the candidate reference genes based on the standard deviation (SD) and coefficient of variation of the crossing points. The most stable gene has the lowest index score.
NormFinder (Andersen et al. 2004 ) is a model-based tool to estimate the stability of reference gene based on the overall variation of the candidate reference genes. It ranks all of the selected reference genes based on intra-and inter-group variations in D r a f t expression stability by calculating a stability value (SV) for each reference gene.
RefFinder (Xie et al. 2011 ) is a web-based comprehensive tool (http://www.leonxie.com/referencegene.php) that integrates most of the currently available algorithms (geNorm, NormFinder, BestKeeper, and Delta Ct). Finally,
RefFinder displays a comprehensive ranking order for the tested genes based on calculating the geometric mean (Geomean) of all weights by assigning an appropriate weight to an individual gene.
Validation of the selected reference genes
Glutathione S-transferase epsilon 4 (PxGSTe4) was used to validate the impact of the use of inappropriate reference genes on the gene expression analysis. Primer design and qRT-PCR reactions were conducted as mentioned above. The gene characteristics and primer sequences are summarized in Table 1 . The average Ct value was calculated from three biological and technical replicates and then used for relative expression analysis.
Results
Efficiency of amplification
The absorbance ratio at 260/280 nm varied between 1.8 and 2.2 indicating a high level of purity of RNA, and suitable for qRT-PCR detection.
All genes were expressed in P. xylostella and visualized as single bands of the expected size following 1.0% agarose gel electrophoresis. A single peak was found in a melting curve for all of the selected reference gene candidates, suggesting that each D r a f t primer pair amplified a unique product of 79-150 bp (Table 1 , Fig. S1 ). The amplification efficiencies ranged from 90% to 100%. For the candidate reference genes, based on the standard curves, the linear regression coefficients were all greater than 0.99. The results indicate that all of the primer pairs can well amplify the tested genes.
Expression profile of the candidate reference genes
To detect the expression profile of each of the candidate genes, the relative Ct value was used to assess their expression levels in all of the tested samples. The averaged Ct value for each of the 16 reference genes varied from 16.6 (EF1-α) to 20.7
(HSP90), with most of them ranging from 17 to 20 (Fig. 1) . The results suggest that EF1-α exhibited the highest expression, while HSP90 showed the lowest expression.
Meanwhile, deviation of the candidate reference gene Ct values from all tested samples was the smallest for α-TUB, but the largest for HSP90, indicating that the expression of α-TUB was relatively stable in all of the tested samples.
Expression stability of the selected reference genes
Developmental stages
Based on the Delta Ct and NormFinder algorithms, RPS4, RPS13, and RPL8
were the top three most stable genes across the different P. xylostella developmental stages (Table 2 , Fig. S3A and S4A). The assessments based on NormFinder, Delta Ct, and Geomean analyses were consistent, showing that RPS4 and RPS13 were the top two genes (Table 2 , Fig. 2A , S3A, and S4A). RPS4 was found overall to be the most D r a f t stable gene based on an analysis using all of the five different methods (Table 2 ). In contrast, NDPk was ranked as the least stable gene by geNorm, NormFinder, Delta Ct, and Geomean during different developmental stages, while ACTB was the least stable gene determined by BestKeeper (Table 2 , Fig. 2A and S2A-S5A). According to the Geomean results (RefFinder), the 16 candidate reference genes were ranked in order of stability ( Fig. 2A) . geNorm can be used to determine the optimal numbers of reference genes for normalization by calculating the pairwise variation (Vn/Vn+1) between the normalization factors (NF) in given experimental sets using 0.15 as the proposed cut-off value (Vandesompele et al. 2002) . As depicted in Figure 3 , the V2/3 value was lower than the proposed cutoff value (0.15) for the different developmental stages, suggesting that the two top stable reference genes were good enough for normalization. Thus, the combination of internal control genes recommended for this experimental set was RPS4 and RPS13.
Strains
In the present study, one insecticide-susceptible strain (SS) and two insecticide-resistant strains (CRS and FRS) were used to screen and assess the suitable reference genes for gene expression normalization across different strains.
The rank order of the top three suitable reference genes generated by geNorm and Geomean was identical, but there was a slight variation for the NormFinder and Delta
Ct analyses ( (Fig. 2B) . The pairwise V2/3 variation value was lower than the 0.15 cutoff value (Fig. 3) , suggesting that the RPL8 and EF1-α reference genes were suitable for normalization.
Tissues
To screen suitable normalizers over different tissues, five different P. xylostella tissues (head, midgut, fatbody, epidermis, and malpighian tube) were used in this study. The suitable reference genes analyzed by geNorm and Delta Ct for various tissues exhibited similar rankings, with RPL8, RPL18, and RPL19 being the top three stable genes across tissues (Table 4 , Fig. S2C, S4C ). Geomean analysis showed the RPL8, α-TUB, and RPL19 were the top three stable genes (Fig. 2C ). However,
BestKeeper had a completely different ranking with NDPk, RPPL13a, and RPS13 being the three most stable genes (Fig. S5C) . NormFinder, geNorm, Delta Ct, and
Geomean ranked ACTB as the least stable reference gene, whereas BestKeeper ranked HSP90 as the least stable one (Table 4) . RefFinder analysis ranked the most stable genes as follows:
RPL8>α-TUB>RPL19>RPL18>EF1-α>RPS13>RPL13a>β-TUB>NDPk>RPL32>CyP A>RPS4>RPL4>GAPDH>HSP90>ACTB (Fig. 2C ). According to pairwise variation analysis, the V2/3 value was under the threshold value (0.15) (Fig. 3) . Therefore，the combination of RPL8 and RPL19 was found to be suitable for gene expression normalization.
Insecticide treatments
The rank order of the top three genes identified by geNorm, NormFinder, and Delta Ct was consistent, with EF1-α, RPL32, and NDPk being the most stable (Table   5 , Fig. S2D-S4D ). Geomean also ranked EF1-α as the most stable gene, followed by
NDPk and RPL32 (Fig. 2D) . NormFinder, geNorm, and Delta Ct identified GAPDH as the least stable gene in the insecticide treatment analysis, while BestKeeper and Geomean selected HSP90 as the least stable gene (Table 5 ).
According to the pairwise variation analysis, the combination of two stable reference genes, EF1-α and RPL32, was recommended to optimize normalization for gene expression in insecticide treatment analysis due to the V2/3 value being below the 0.15 cutoff value (Fig. 3) .
Total
Finally, when all the investigated samples were considered, Geomean, geNorm, NormFinder, and Delta Ct gave relatively similar rankings with RPL8, RPS13, and RPL18 being the three most stable (Fig. 2E, S2E-S4E ). The only marked difference was that EF1-α was ranked third and RPS13 fourth using NormFinder. BestKeeper ranked the most stable reference genes completely different, including α-TUB, β-TUB, and RPL13a as the top three (Fig. S5E) . According to the analyses of the five statistical programs, ACTB and HSP90 were selected as the least stable genes. Based on pairwise variation value analysis, at least three stable reference genes were needed to optimize normalization for gene expression across different conditions due to the V2/3 values being over the 0.15 cutoff, while the V3/4 value was lower than 0.15 (Fig.   3 ). In this case, RPL8, RPS13, and RPL18 are the most likely candidates for D r a f t expression normalization.
Validation of the selected reference genes
To validate the reliability of the reference genes, qRT-PCR-based analysis was performed with the three top stable genes and one unstable gene based on previous assessments ( Table 6 ). The mRNA expression levels of PxGSTe4 were detected in different developmental stages, strains, tissues, and insecticide-treated samples to validate the reliability of reference genes.
Throughout the different P. xylostella developmental stages, PxGSTe4 is expressed predominately at the larval stage. When the most stable gene (RPS4) or the combined genes (NF1-2: RPS4-RPS13; NF1-3: RPS4-RPS13-RPL4) were used to normalize the expression patterns of PxGSTe4, the expression patterns showed high consistency.
Using the least stable gene NDPk as the internal control, PxGSTe4 showed significantly increased expression at the 2nd-and 3rd-instar larval stages (Fig. 4A) .
Similarly, in the case of different strains, PxGSTe4 showed dramatically higher expression in SS when normalized by the least stable gene NDPk as opposed to the stable reference gene sets (RPL8, EF1-α, and RPS13) (Fig. 4B) . For different tissues, PxGSTe4 expression exhibited significant differences in the head and fatbody when normalized by the least stable gene ACTB compared with the most stable gene sets (RPL8, α-TUB, and RPL19) (Fig. 4C ). For insecticide treatment, when normalized against the combination of recommended reference genes (EF1-α, RPL32, and NDPk), the expression of PxGSTe4 tended to vary among exposure times, although only the decrease in expression observed using the least stable gene (HSP90) was significant D r a f t for normalization (Fig. 4D ).
Discussion
Quantitative gene expression analysis based on qRT-PCR experiments is frequently used as the first step to detect gene activity and explore gene functions. To ensure the accuracy of gene expression analysis, it is important to validate suitable genes as internal controls. Unfortunately, so far, no universal reference gene has been found in all species or across different experimental conditions for a given species (Bustin 2000) . In addition, most of the qRT-PCR studies have used orthologous reference genes from relative species without prior validation. This becomes a serious impediment for accurate data interpretation. The target gene expression normalized by an unstably expressed reference gene will likely result in erroneous profiling of gene expression patterns, and then may mislead further functional research of the genes. As showed in Fig. 4 , when normalized by the unstably expressed reference gene NDPK, PxGSTe4 presented significantly higher expression in 2nd-instar larvae and 3rd-instar larvae than other life stages, which may mislead a conclusion that PxGSTe4 plays an important role in regulating the two specific life stages. Similarly, PxGSTe4 exhibited significantly higher expression in insecticide susceptible strain than insecticide resistant strains when normalized by the unstable expressed reference gene NDPK, which provide misinformation on PxGSTe4 involved in insecticide resistance.
With completion of the P. xylostella genome sequencing (You et al., 2013) were the most stably expressed genes in Helicoverpa armigera across starved larvae, temperature stressed larvae, and different developmental stages (Shakeel et al. 2015) .
RPS13 and RPS20 were the most stably expressed genes in Sesamia inferens across different tissues (Sun et al. 2015) .
ACTB and GAPDH are involved in basic cellular processes and have been frequently used as reference genes for many years in other species, but these two genes were ranked as the least stable genes across different tissues and insecticide treatment sets in this study, consistent with Fu et al. (2013) . However, we found RPL8 was the most stably expressed across different tissues and strains of P. xylostella, whereas EF1-α was previously reported as the most suitable reference gene for gene expression normalization across experimental sets with different abiotic factors ).
There is an ongoing debate on the optimal number of reference genes required for gene expression normalization based on qRT-PCR analysis (Vandesompele et al. 2002) . In order to reduce gene expression normalization bias, multiple reference genes are suggested for use as internal controls (Xiao et al. 2014; Yin et al. 2015) . In the present study, the geNorm pairwise value was used to assess the optimal number of reference genes for normalization. The results demonstrate that the V2/3 value across all the tested experimental conditions is lower than the threshold value (0.15), D r a f t indicating that using two of the most stable genes in our experimental sets is suitable for gene expression normalization in P. xylostella.
Conclusions
In this study, the selection and evaluation of sixteen candidate P. xylostella reference genes for qRT-PCR-based gene expression normalization was assessed across various experimental contexts. Based on a comprehensive analysis, a set of suitable reference genes were recommended to accurately normalize gene expression analysis ( He, W., You, M., Vasseur, L., Yang, G., Xie, M., Cui, K., Bai, J., Liu, C., Li, X., Xu, X., and Huang, S. D r a f t .447 8 * Different tissues of SS: head, midgut, malpighian tubules, fat body, and epidermis from hundreds of 4th-instar SS larvae. The gene has a lower stability value, indicating it is more stable. The genes were ranked from the most stable to least stable as labeled by numbers. The ranking numbers of the top three most stable genes and the least stable genes are marked bold. D r a f t
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Expression profiles of the 16 candidate reference genes and one target gene in all tested samples. The Ct value foExpression profiles of the 16 candidate reference genes and one target gene (PxGSTe4) in all tested samples. The Ct value for each of the candidate reference genes and the target gene was obtained based on quantitative real-time PCR (qRT-PCR). The box shows the 95% confidence interval, the line across a box is the median, whisker caps represent the maximum and minimum values under 95% conference, and circles are the outliers.
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Stability of candidate reference genes in P. xylostella based on Geomean analysis of RefFinder algorithm. The stability of reference gene expression was measured using the Geomean method of RefFinder algorithm.
A lower Geomean value representing more stable gene expression.
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Pairwise variation (V) analysis of candidate P. xylostella reference genes based on geNorm. Pairwise variation (Vn/Vn+1) was analyzed between the normalization factors NFn and NFn+1 by geNorm to evaluate the optimal number of internal controls required for qRT-PCR data normalization. There need not be an additional reference gene to normalize when V is below 0.15. The dotted line indicates the cutoff threshold value.
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Validation of reference gene selection. A) Relative expression levels of PxGSTe4 in seven developmental stages, with NF1-2: RPS4-RPS13, and NF1-3: RPS4-RPS13-RPL4; B) Relative expression levels of PxGSTe4 in three strains, with NF1-2: RPL8-EF1-α, and NF1-3: RPL8-EF1-RPS13 (C) Relative expression levels of PxGSTe4 in five tissues, with NF1-2: RPL8-α-TUB, and NF1-3: RPL8-α-TUB-RPL19 (D) Relative expression levels of PxGSTe4 for seven different insecticide exposure times, with NF1-2: EF1-α -RPL32, and NF1-3: EF1-α -RPL32-NDPk. 1st (L): first instar larva; 2nd (L): second instar larva; 3rd (L): third instar larva; 4th (L): fourth instar larva; SS: insecticide-susceptible strain; FRS: fipronil resistant strain; EP: epidermis; FB: fat body; H: head; MG: midgut; MT: malpighian tubules. Error bars indicate the standard errors of the mean using biological replicates. Statistically significant differences were labeled with an asterisk as evaluated with one-way ANOVA using PASW Statistics 18.0 (Turkey's test, *indicates P < 0.05, ** indicates P < 0.01).
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